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Influence of defects on the critical behavior at the 105 K structural phase transition of SrTiO3:
On the origin of the two length scale critical fluctuations
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The temperature dependence of the sharp and the broad component of the critical scattering above the
cubic-to-tetragonal phase transition of SrTiO3 has been studied by means of high-resolution triple-crystal
diffractometry using 100–200 keV synchrotron radiation in five samples differing with respect to growth
technique and oxygen vacancy concentrations. Emphasis is on changes in the critical behavior, the critical
temperature, and the strain fields at the transition from bulk to surface. The sharp component was observed
only in surface near regions of highly perfect crystals and is coupled to the occurrence of a long-range strain
gradient that was identified by an exponential increase of mosaicity, lattice parameter fluctuations, and Bragg-
peak intensity when approaching the surface from the bulk of the sample. Vanishing of the sharp component
was observed at the polished/etched surface of a platelet cut off the large perfect crystal after release of strain
due to free bending of the platelet. The values of the critical temperature observed in the bulk of the different
samples vary between 98.7<Tc<105.8 K. In the surface near regions of a highly perfect float-zone grown
crystal a variation ofTc of about 0.5 K has been found. Concerning the broad component the critical exponent
describing the temperature dependence of the inverse correlation lengthkb varies between 0.73<nb<1.19, the
exponent for the susceptibility between 1.49<xb<2.9, however, the ratio of the two exponents is almost
sample independent and equal toxb /nb52.1 with a variance of 0.2, in good agreement with the theoretical
value of 1.97 obtained by LeGouillou and Zinn-Justin@Phys. Rev. B21, 3976~1980!#. The occurrence of the
sharp component did not affect significantly the critical exponents for the underlying broad component of the
critical scattering. The exponents for the sharp component observed in surface near layers of about 100m m
thickness at the highly perfect float zone and flux grown crystals varied between 0.58<ns<1.30, the values for
the ratio varied between 3.3<xs /ns<4.6. The average value ofxs /ns is 3.9 with a variance of 0.5, and is
about twice the ratioxb /nb for the broad component as suggested by Harriset al. @Phys. Rev. B52, 14 420
~1995!#.
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I. INTRODUCTION

According to modern theories of phase transitions ba
on the concept of scaling, the properties of the fluctuati
associated with continuous phase transitions close to
critical temperatureTc are determined by a single leng
scale that varies with temperature. In contrast, hi
resolution x-ray diffraction studies of structural phase tran
tions in perovskites revealed the existence of a second le
scale in the critical fluctuations aboveTc , which had not
been observed in earlier neutron scattering experiments,
in addition to the well-known Lorentzian-shaped scatter
distribution a sharp component of Lorentzian squared sh
is observed. Later this effect has also been found in magn
systems. The two length scale problem was discussed
Cowley.1 The effect was first observed by Andrews2 at the
cubic-to-tetragonal second-order phase transition in SrT3
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at Tc'105 K and the temperature dependence of the
components has been studied by McMorrowet al.3 using 11
keV synchrotron radiation. Shiraneet al.4 showed that this
sharp component is different from the central peak disc
ered by Müller and Berlinger5 and by Risteet al.6 in differ-
ent studies of the temperature dependence of the soft pho
mode. Later it has been shown that the sharp compon
originates from regions (,100 m m) close to the surface o
the samples7–9 and is related to the quality of the respecti
surfaces.7,10 Wang et al.11 suggested that edge dislocatio
close to the surface cause the effect. However, the natur
the defects responsible for the sharp component and the
of the surface is not clear yet.

In this paper we present a systematic investigation of
critical scattering in different samples, differing with respe
to the growth technique, the degree of crystallographic p
fection and the concentration of oxygen vacancies, which
©2002 The American Physical Society13-1
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TABLE I. Specifications of the five different samples investigated.

Sample no. Growth technique Sample preparation Sample color

I Float-zone grown Brownish, transparen
II Flux grown Etched~89% H3PO4, 1 h, 160 ° C) Brownish, transparen

Verneuil grown
III Oxidized 48 h, O2 atmosphere, 1 bar, 1000 °C Rose, transparen
IV As grown Transparent
V Reduced 5 h, H2 atmosphere, 1 bar, 1250 °C Black
on
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been determined independently. Surface effects could
separated from the bulk behavior by carrying out diffracti
experiments with a flat beam of high-energy photons~100–
120 keV!, 10 mm in height. In order to clarify the influenc
of defects on the occurrence of the second length scale in
surface near region the depth dependence of the oxygen
cancy concentration and of crystallographic parameters s
as mosaicity, lattice parameter variation, and integrated
flectivity of Bragg reflections has been measured and c
pared with that of the critical behavior.12

The paper is organized as follows. After the description
the experimental setup in Sec. II, the preparation and
characterization of the different samples is discussed in d
in Sec. III. The procedure for determining the critical tem
perature in the bulk and near the surface of the differ
samples is presented in Sec. IV. The effect of defects on
critical fluctuations in the bulk of the samples, i.e., on t
broad component of the critical scattering distribution, is d
scribed in Sec. V. The results of the investigation of t
nature of the sharp component in the surface near region
presented in Sec. VI. Finally, the results are discussed in
VII. In Appendix A the mathematical details of the applie
procedures to deconvolute the experimental data from
instrumental resolution are described.

II. EXPERIMENTAL SETUP

The scattering experiments have been performed on
different samples using 100 and 120 keV synchrotron ra
tion at the undulator beamline at PETRA II and the wigg
beamline BW5 at DORIS III at HASYLAB, respectively. Al
data have been collected at triple-axis-diffractometers
Laue geometry at the position of the~531!/2 superlattice re-
flection for samples III–V~see Table I! and at the position of
the ~511!/2 superlattice reflection for sample I and II, respe
tively. In order to get both, high incident photon flux an
adequateq-space resolution in the scattering plane, annea
Si crystals diffracting from~311! lattice planes have bee
used as monochromator and analyzer. The instrumental r
lution in the scattering plane has been determined by m
suring the superlattice reflection a few degrees below
transition temperature, examples are shown in Fig. 1. It
sults toDqx5131023 Å21 (Dqx51.5–331023 Å21) at
PETRA2~BW5! in the longitudinal direction@Fig. 1~a!# and
1.631024 Å21<Dqy<231023 Å21 in the transverse di-
rection@Fig. 1~b!#, depending on the mosaicity of the respe
tive sample. Perpendicular to the scattering plane the res
tion ~FWHM, full width at half maximum! was of the order
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of Dqz5231021 Å21. The deconvolution of the experi
mental data was performed as described by Hirotaet al.13 A
detailed description of the deconvolution procedure is giv
in the Appendix. At station BW5 the crystallographic perfe
tion of the samples has been characterized at the~511! main
reflection, using perfect silicon monochromator and analy
crystals diffracting from the~624! lattice planes. The differ-
ence in lattice spacing between sample and monochrom
analyzer is;3.6%. Due to this almost dispersion-free set
the instrumental resolution is improved for the~511! main
reflection both in the longitudinal (Dqx51.231024 Å21)
and in the transverse direction (Dqy51.031025 Å21).

Due to the high brightness of the high-energy phot
beams available at the triple crystal diffractometers at be
lines BW5 and PETRA2 the cross section of the incide
beam could be reduced to 10mm in height and 2 mm in
width still allowing a very good peak to background ratio
the measurements of critical scattering. This way the nec
sary highq and high real space resolution could be obtain
The surface of the sample was oriented parallel to the
beam, the experimental procedure for the alignment of
microslit is given in Ref. 9. By vertical translation of th
sample the scattering volume can be moved to well-defi
positions in the crystal~see Fig. 2!. Due to the special geom
etry of the samples@the ~511! reciprocal lattice vector is
almost parallel to the investigated surface and the flat in
dent beam# the depth dependence of crystallographic qua

FIG. 1. Longitudinal~a! and transverse~b! scattering profiles of
the ~511!/2 superlattice reflection of sample I about 2 K below the
critical temperature as measured with 100 keV photons at the
TRA II undulator beamline. The solid lines represent the best fits
the data using a Lorentzian-squared profile.
3-2
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INFLUENCE OF DEFECTS ON THE CRITICAL . . . PHYSICAL REVIEW B 66, 014113 ~2002!
ties such as strain and mosaicity can be studied with a sp
resolution of;10 mm. In the following, the depth 0mm
corresponds to the sample position, where the comp
beam just penetrates the crystal. Consequently, at a dep
210 mm the beam is just passing the sample. These p
tions are located by accurately measuring the dependenc
the transmitted intensity as a function of the vertical posit
of the beam in the sample.

III. SAMPLES

The influence of defects on the bulk critical behavior
SrTiO3 has been studied in five samples, differing in grow
technique and heat treatment. In order to study the effec
oxygen doping, bulk measurements have been performe
a reduced, an oxidized, and an as-grown Verneuil sin
crystal. Additionally, a flux-grown sample14 and an almost
perfect crystal, grown by means of the top-seeded float-z
technique,15 have been investigated. In Table I the differe
sample treatments and growth techniques are summariz16

FIG. 2. Schematic drawing of the location of the investiga
volume elements of the float-zone grown sample~I!. The scattering
vector is parallel to the crystal surface. Details of the crysta
graphic sample orientation are given in the Appendix. The left-h
side shows the original sample investigated by Ru¨tt et al. ~Ref. 9!,
the right-hand side shows the 560mm thick platelet from the top of
the original sample and the residual crystal block, the materia
between was lost due to polishing and etching the two surfaces.
capital letters A–E define the nomenclature used in this paper.
gion A corresponds to the surface of the original block. Region
and C correspond to the two surfaces of the cut platelet, regio
denotes the surface of the residual block, and region E labels
bulk of this block. The lighter rectangles~not to scale! indicate
locations of the incident beam with respect to the sample surf
The dimensions of the original sample were about 13131 cm3,
the cross section of the beam was 10mm32 mm.
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The mosaicity of the Verneuil-grown crystals varied b
tween 30 arcsec and 100 arcsec, which is rather broad c
pared to the almost perfect float-zone grown~1–7 arcsec!
and flux-grown samples~10 arcsec!. However, the latter two
crystals are slightly brownish, perhaps due to ir
impurities,17 in contrast to the transparent as-grown Verne
samples. In the Verneuil-grown samples the vacancy conc
tration of the bulk has been determined from conventio
impedance measurements of the isolating as-grown and
oxidized samples using vacancy mobility,18,19 and for the al-
most metallic reduced samples by means of Hall-resistiv
measurements. Interestingly, the amount of oxygen vacan
is about two orders of magnitude bigger for the crystal
graphic more perfect samples compared to the as-grown
oxidized Verneuil-grown crystals. However, the reduc
Verneuil-grown sample shows significant changes: the co
changes from transparent to black and the resistance
creases substantially, i.e., the amount of oxygen defects
creases by about three orders of magnitude. The depth
pendent concentration of the twofold negatively charg
oxygen vacancies has been investigated using imped
spectroscopy:20,21Following the description given in Ref. 19
microelectrodes of different diameters were used to ana
the depth dependence of the conductivity. Using gold mic
electrodes ~15–220 mm) the conductivity measured a
;200 °C could be shown to be depth independent in the
500 mm of both samples I and II. It can therefore be co
cluded that the vacancy concentration is depth indepen
as well. Consequently, the sharp component, which has b
observed in sample I up to a depth of 100mm,9 is not related
to a gradient in the oxygen vacancy concentration. This is
important finding because the sharp component has o
been found in the crystallographically rather perfect samp
with relatively high concentrations of oxygen vacancies a
not in the less perfect Verneuil crystals with much low
oxygen vacancy concentrations. For a random distribution
these vacancies the mean distance of defects resultsd
5n21/3 with n representing the defect concentration. Th
distance varies between'240 Å for the lower defect con-
centrations and'40 Å for the higher concentrations~see
Table II!.

Special attention is devoted to sample I, where a dir
correlation between strain, lattice parameter variation,
the occurrence of the sharp component in the critical sca
ing has been observed in the surface near region up

-
d

n
he
e-
B
D
he

e.
verse

TABLE II. Bulk critical temperaturesTc and defect concentrationsn of the different samples.d5n21/3 is

the mean distance of defects,td is the reduced temperature taken from the measurements of the in
correlation length@k(td)5d21#.

Sample no. Tc ~K! n (cm23) d (Å) 1
d

(1023 Å21)
td

I Float-zone grown 98.8~1! 6.1(2)31018 55~1! 18.2~2! ;0.115
II Flux grown 102.6~2! 2.8(2)31018 71~2! 14.2~3! ;0.035

Verneuil grown
III Oxidized 105.7~1! 7.4(2)31016 238~2! 4.2~1! ;0.014
IV As grown 105.8~1! 7.6(2)31016 236~2! 4.2~1! ;0.025
V Reduced 101.0~1! 1.7(1)31019 39~1! 25.7~5! ;0.20
3-3
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H. HÜNNEFELD et al. PHYSICAL REVIEW B 66, 014113 ~2002!
depth of 100mm, also using triple-crystal diffractometry a
energies of;120 keV.9 Based on these results a 560mm
thick slice has been cut from the same sample. Figur
shows a schematical drawing of the sample before and a
cutting. On the left-hand side the original sample is plott
The capital letter A marks the region investigated in Ref.
The rectangular spots visualize the beam cross section
the sample, however, the dimensions are not to scale. Th
was performed parallel to the surface at a depth of abo
mm, using a diamond saw. The residual plate has a thick
of ;560 mm, the material loss due to sawing and care
polishing of the two cut faces resulted to about 1 mm. In F
2 also the notation for the later discussion is defined. Reg
B is the surface near region of the upper surface of the
plate, which has not been polished or treated otherwise.
region at the lower surface of the plate is labeled C. T
surface corresponds to a depth of 560mm with respect to the
original sample surface. The region on top of the resid
block is labeled D, this part of the crystal was at a depth
;1.5 mm from the surface of the original block, i.e., it co
responds to the bulk of the original sample where no sh
component was observed. The two surfaces C and D
been subject to identical polishing treatment. Region E r
resents the bulk of the block. The depth dependent imp
ance measurements described above have been perform
region A, i.e., at the original sample.

In order to characterize the degree of perfection in sam
I the depth dependence of the integrated Bragg-peak in
sity, the mosaicity, and the variation of the lattice parame
have been measured at the~511! main reflection for the dif-
ferent surfaces B–D and in the bulk E of sample I~at tem-
peratures close the phase transition temperature
;100 K). In Fig. 3 the gain in the integrated intensity of t
~511! Bragg reflection in region D with respect to the inte
sity I bulk in the bulk~region E! is plotted as a function of the
distance from the surface of the residual block. The stra
line represents an exponential function (I 2I bulk)}exp
(2z/z) fitted to the data. No significant temperature dep

FIG. 3. Semilogarithmic plot of the depth dependence of
integrated intensityI of the ~511! reflection in region D of sample
for different temperatures around the critical temperature with
spect to the corresponding bulk valueI bulk . The increase of the
integrated intensity in the surface near region is well described
an exponential relation with a 1/e length ofz526(1) mm.
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dence could be observed, the mean 1/e length is equal toz
526(1) mm. The increase of intensity can be understo
qualitatively on the basis of dynamical diffraction theory.22,23

The bulk mosaicity of the sample is determined by transve
scans in reciprocal space, it results to a half width at h
maximum~HWHM! of Dv250.25 arcsec The width of the
~511! reflection of an absolutely perfect SrTiO3 crystal at 100
keV is HWHMdyn50.043 arcsec, i.e., the mosaicity is abo
a factor of 6 larger than the dynamical half width. Th
broadening is not an effect of the instrumental resolution
represents the intrinsic mosaic spread of the sample, whic
still much smaller than in the other samples, especially
Verneuil-grown crystals showing mosaic spreads of 30–1
arcsec The integrated reflectivityI dyn in the bulk expected
for a perfect crystal isI dyn53.231027, neglecting absorp-
tion. In the bulk~region E! the measured integrated refle
tivity after correction for absorption was about 7.7 tim
larger than the theoretical valueI dyn . This corresponds wel
to the increase in the mosaic spread. However, using
kinematical scattering theory, the expected integrated refl
tivity of the 12 mm thick sample should beI kin57.0
31025'220I dyn . Thus the diffraction mechanism in th
bulk of this sample is close to the expectations for a perf
crystal, which has been shown before by means of diffract
experiments with 412 keVg radiation.24 Close to the surface
the mosaic spread of the sample increases~Fig. 4!, and there-
fore the scattering process has to be described more
more by kinematical scattering theory, which explains t
increase of the integrated reflectivity, shown in Fig. 3. T
HWHM of the transverse scans (Dv2), related to the mosa

e

-

y

FIG. 4. Schematic view of the depth dependence of the in
grated intensity and the half widths~HWHM! of longitudinal and
transverse scans through the~511! Bragg reflection atT5110 K
andT5120 K in sample I, respectively. The surface of the resid
block ~D! and the old surface of the plate~B! exhibit similar fea-
tures, whereas the new surface of the plate~C! shows no difference
from the bulk with respect to its crystallographic parameters. T
intrinsic mosaicity of the plate~picture in the lower left corner!
could not be measured due to the bending of the plate, show
Fig. 6. The decay of all the crystallographic parameters at the
ferent surfaces is well described by exponential functions with
same 1/e length ofz'25.5(15)mm.
3-4
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INFLUENCE OF DEFECTS ON THE CRITICAL . . . PHYSICAL REVIEW B 66, 014113 ~2002!
icity, and the HWHM of the longitudinal scans (Dv3), cor-
responding to the variation of the lattice parameter (Dd/d
5 1

2 cotuBDv3, uB is the Bragg angle! follow the same ex-
ponential depth dependence as the integrated intensity sh
in Fig. 3, the results are plotted in Fig. 4.

Figure 5 shows the variation of the integrated intens
together with the variation of the half width~HWHM! of the
longitudinal scans, i.e., the lattice parameter variation ac
the platelet from surface B to surface C. On the left-ha
side of the figure, which corresponds to region B, the beh
ior is identical to that in region D, shown in Fig. 3. Withi
the error bars, the 1/e length @z525(1) mm# is the same.
But, surprisingly, the other surface of the plate~region C!
does not show any effect, neither for the integrated intens
nor for the widths of the longitudinal scans. In fact, the
tegrated reflectivity is identical to the bulk value in region
whereas the variation of the lattice parameter,Dd/d is
slightly enhanced compared to the bulk value. These res
are also summarized schematically in Fig. 4.

The intrinsic mosaicity of the platelet could not be det
mined by these measurements because the platelet turne
to be bent. The secondary effects due to bending domi
the width of the diffraction pattern. An accurate determin
tion of the bending radius was achieved by using a beam
narrow cross section, e.g., 50350 mm2, and measuring the
shift of the position of a main reflection depending on t
position in real space on the plate, which was oriented p
pendicular to the incident beam. Using this technique,
curvature of the lattice planes can be reconstructed from
data ~Fig. 6!. The bending of the lattice planes is almo
spherical, the bending radius is equal to;14 m. In this
figure, region C corresponds to the concave and region

FIG. 5. Depth dependence of the integrated intensityI and the
HWHM of the longitudinal scans at the~511!-reflection position in
the SrTiO3plate atT5120 K ~sample I!. The left-hand side corre
sponds to region B, the right-hand side to region C. The width
the longitudinal scans is proportional to the lattice parameter va
tions: Dd/d5

1
2 cotuBDv3. In region B, an exponential increas

}exp(2zz) of the integrated intensity and the lattice parame
variations is clearly visible. The 1/e length is equal toz525(1)
mm. The origin of the strong fluctuations in the measured latt
parameter fluctuations in region B is not clear, considering the d
taken in region C as reference an experimental instability can
excluded. In region C no depth dependence is observed at all.
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the convex side of the bent platelet. Using an optical mic
scope it could be seen that not only the lattice planes are
but the platelet itself is bent macroscopically. It should
mentioned that the bending has been observed not dire
after the polishing process but after the first low-temperat
measurements, i.e., after the platelet had undergone the s
tural phase transition. Thus it is not clear if the bendi
process took place directly after the polishing process
some weeks later after cooling through the transition.

In addition to the depth dependent measurements w
100 keV photons, the surfaces B–D have been investiga
in Bragg geometry with a photon energy of 20 keV on
triple-axis diffractometer at the HASYLAB beamline D4.25

The absorption length at this energy was determined
m21;55 mm, i.e., the relevant contribution to the Brag
peaks results from the surface near region of some 10mm
thickness. In Fig. 7 the scattering profiles of the~200! Bragg
reflection measured at the three surfaces B,C, and D
shown both in linear scale and in logarithmic scale~inset!. At
the surface of the residual block~region D! a difference be-
tween the center of the surface and the edge region of
surface was found. It can be seen that regions B and D~cen-
ter! show much broader Bragg peaks than region C and
edge of the residual block~D edge!. Additionally, the inte-
grated intensity of the respective scans is shown in an in
Consistent with the observations described above, the va
are increased at surfaces B (I 5427) and D (I 5321), com-
pared to surface C (I 5210). For completeness it is interes
ing to note that at the edge of region D a behavior similar
the observations made in region C of the cut plate is fou

The characterization of the crystallographic quantities
sample I can be summarized as follows. The residual flo
zone grown block consists of an almost perfect bulk~region
E! covered by a layer~region D! of increased mosaicity and

f
a-

r

e
ta
e

FIG. 6. Illustration of the bent plate in real space~sample I!. The
bending radius is about 14 m. Assuming the bent platelet as a
ment of a sphere, then region B is outside and region C is inside
sphere.
3-5
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H. HÜNNEFELD et al. PHYSICAL REVIEW B 66, 014113 ~2002!
increased lattice parameter variations. Both mosaicity
lattice parameter variation increase exponentially with ane
length of> 26~1! m m approaching the surface. This beha
ior is identical to the depth dependence of the experime
data from the original sample before the cut~region A!, pre-
sented in Ref. 9, and supports the interpretations of the
lier g-ray diffraction experiments on the same sample in R
24. However, region D close to the surface of the resid
block, which has been inside the almost perfect bulk of
sample before the cut, strongly changed its crystallograp
properties after cutting and polishing the surface. On
other hand, the cut surface of the residual plate, i.e., regio
shows no depth dependent effects neither in the lattice
rameter variation nor in the integrated reflectivity. The valu
correspond well to those of the bulk~region E!, only a
slightly enhanced value of the lattice parameter variation
observed. In spite of the identical treatment of surfaces C
D, large differences are observed. The behavior of the
treated surface of the plate, region B, remains unchan
compared to the earlier measurements~region A!.

The observed difference in the behavior of regions C a
D can only be due to the fact that the plate became bent a
the cut. Assuming that the original sample was affected
long-range strain fields in the bulk, possibly introduced
the growth process, a relaxation of these strain fields is
possible in the residual block because of its dimensions
the high degree of crystallographic perfection. In region
close to the surface of the residual block, these strain fie
lead to an increased mosaicity and to increased lattice pa
eter variations in the center of the surface, but not in the e
regions because here the strain fields may be able to re
Similarly the relaxation of strain fields is observed in t
platelet. The existing strain gradient in the platelet, exp
mentally determined at region A in Ref. 9, can relax by be
ing the whole thin sample. Hence, in region C the remain

FIG. 7. Rocking curves of the~200! Bragg reflection measure
at the different surfaces of the float-zone grown samples at ro
temperature with 20 keV x rays at HASYLAB beamline D4. Th
rocking curves in region B and in the center of region D of t
residual block are much broader than those of region C and of
edge of region D. The inset on the right shows the same data
logarithmic scale.I in the inset on the left-hand side represents
values of the integrated intensities of the respective rocking cur
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strain field is weak and does not cause a detoriation of
crystal perfection. However, the other surface, region
most probably still contains intrinsic defects due to surfa
damage because it was not polished and thus does
change its general behavior. Due to the large dimension
the residual crystal block, such bending process is of cou
not possible at the sample surface, i.e., in region D.

Similar measurements have been carried out on samp
and a behavior very similar to that observed in regions A,
and D of sample I was found at its surface. The mosaicity
sample II is about one order of magnitude larger than tha
sample I, but it is still much better than the mosaic spread
30–100 arcsec of the Verneuil-grown crystals. The depth
pendence of the crystallographic parameters of the Verne
grown crystals has not been investigated.

IV. CRITICAL TEMPERATURES

In order to determine the critical temperatureTc the tem-
perature dependence of the integrated intensity of the su
structure reflections has been measured at~511!/2 in the bulk
of samples I and II and at~531!/2 in the bulk of samples
III–V. The data have been normalized to their extrapola
value atT50 K and were plotted as a function of the r
duced temperaturet5T/Tc21. The result is shown in Fig
8. The tail observed aboveTc depends on the defect conce
tration. It can originate from both the critical fluctuations a
an additional contribution due to defects. However, for t
determination of the critical temperature the effect of t
defects has been neglected. Using the Landau approxima
the susceptibilitiy atTc2DT is a factor of 2 smaller than the
susceptibility atTc1DT @see, e.g., Ref. 26#. This relation is
used to subtract the contribution of the fluctuations belowTc
as described in Ref. 6. The temperature dependence o
residual dataI 8 can be fitted with the power law

I 8}S T2Tc

Tc
D 2b

. ~1!

m

e
a

e
s.

FIG. 8. Integrated intensities of the superlattice reflect
~511!/2 measured in the bulk of sample I and of reflection~531!/2
measured in the bulk of samples III–V. In order to compare the t
aboveTc the intensities have been normalized to their extrapola
value atT50 K. The value of the critical exponentb has been
fixed to b50.34.
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Applying this procedure leads to a shift inTc of ;0.2 K to
lower temperatures compared to completely ignoring
contribution of the tail. For a meaningful comparison of t
critical temperaturesTc determined experimentally at differ
ent samples, the critical exponentb was fixed tob50.34.
Slight changes inb were allowed to determine the error ba
of the critical temperatures. The results for the critical te
perature in the bulk of the various samples are summar
in Table II. The valueTc598.8(1) K for sample I has bee
determined in the bulk of the original sample. The values
the critical temperature quoted in the literature accumulat
about 105 K. This value is similar to those found in t
present study for the two Verneuil crystals~samples III and
IV ! with low oxygen vacancy concentrations~see Table II!.
It has been shown earlier that an increased amount of oxy
vacancies reduces the critical temperature,27,28 the value of
Tc determined at the reduced Verneuil sample nicely rep
duces these results. However, the shift in the critical te
perature for the two highly perfect samples I and II is mu
too large with respect to the experimentally determined c
centration of oxygen vacancies. The origin of this obser
tion is not clear yet, perhaps the high degree of perfection
samples I and II has an effect on the low transition tempe
ture. As pointed out by Zhonget al.,29 the existence of quan
tum fluctuations can lead to a significant decrease of
critical temperature by up to 20 K. It might be speculat
that quantum fluctuations show a stronger effect in the hig
perfect samples than in the worse Verneuil crystals and co
thus contribute significantly to the decrease ofTc.

In analogy to the crystallographic characterizations
scribed above, the depth dependence of the critical temp
ture has been investigated in detail in sample I. The res
are plotted in Fig. 9. Both the transition temperatures bef
and after the cut are shown. As to be expected no chang
Tc are observed in region E, the bulk of the sample. In
original sample two features can be identified. Over a la
range the critical temperature is decreasing and close to
surface, in region A, a slightly enhanced value forTc is

FIG. 9. Depth dependence of the critical temperatures in sam
I after the cut~opaque circles!, compared to the values for th
original sample~black squares!.
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found. The latter observation is similar to the behavior at
surface of the residual block, region D. There one also fi
a slight increase in the critical temperature very close to
surface (;20 mm). However, in the thin plate a differen
behavior is observed. 50mm below the surface of region C
of the cut plate,Tc is identical to the bulk value~region E!,
but at the surfaces, regions B and C, the critical tempera
is decreased substantially. Comparing these observat
with the results of the crystallographic characterization
can be concluded that two different effects have to be dis
guished. On the one hand, the probably large amount of
locations and other defects due to surface damage in re
A, which are not yet identified, could be responsible for t
large difference in the transition temperatures found in
bulk and near the surface of the original block. On the ot
hand, it seems that the strain fields in its surface near reg
increase the transition temperatures slightly. This is obser
in region A and region D, but not in region C, where th
strain fields are absent and the critical temperature reach
value close to the bulk value~region E!. At the surface of
region B, however, the value ofTc is strongly reduced.

Another interesting result of the measurements is the
havior of the tails of the squared order parameter above
critical temperatures. In order to compare the tails for
different samples, the integrated intensities of the superlat
reflection have again been normalized to the respective s
ing factor of the fitted power law, i.e., the extrapolated va
at zero temperature and plotted as a function of the redu
temperaturet. This way, the effect of the stronger, mor
kinematical scattering at the surface is canceled out and
curves except one coincide above the transition tempera
as can be seen in Fig. 10. The additional information deri
from this kind of presentation is the similarity of the tem
perature dependence of the tails above the critical temp
tures. In the residual block@Fig. 10~a!#, all data points follow
the same trend aboveTc , i.e., the nature of the tails is no
connected to the observed strain gradients at the surf

le

FIG. 10. Temperature dependence of the integrated intensitie
the ~511!/2 superlattice reflection, normalized to the respective
trapolated value at zero temperature, for different positions~a! in
the residual block and~b! in the plate of sample I. The tail aboveTc

is almost independent of the distance from the surface. Only
region B significant changes in the temperature dependence o
tail are observed.
3-7
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H. HÜNNEFELD et al. PHYSICAL REVIEW B 66, 014113 ~2002!
Moreover, the tails are identical in the residual block and
the thin plate@Fig. 10~b!#, only the old surface of the plate
region B, shows a significantly enhanced amount of sca
ing aboveTc. Certainly, this has to be attributed to the larg
amount of dislocations and/or other defects in this region
to surface damage.

V. CRITICAL SCATTERING IN THE BULK—THE BROAD
COMPONENT

The temperature dependence of the critical scattering
been measured in the bulk of samples I and II at the su
lattice reflection~511!/2, as well as in the bulk of the thre
Verneuil-grown crystals@reflection~531!/2#. After deconvo-
lution from the experimental resolution function the scatt
ing profiles could be fitted with a single Lorentzian distrib
tion function, which is called the broad component
contrast to a much narrower component found in the surf
near region of some of the crystals investigated. From
half width-half maximum and the peak of these sing
Lorentzians the inverse correlation lengthkb and the suscep
tibility xb have been determined. The corresponding criti
exponentsnb andgb were determined by fitting the exper
mental data to the power laws

kb~t!}tnb and xb~t!}t2gb. ~2!

The critical scattering in the float-zone grown sample h
been measured over a much larger temperature interval
those of the other samples. Here, a crossover between d
ent values for the critical exponentsnb andgb obtained from
kb(t) andxb(t) can be identified~see Fig. 11!. These data
have been taken in the bulk of the sample but the pro
volume also included two surfaces~the front and the back
side!. However, due to the relatively large thickness~12 mm!
of the sample, the possible contribution of a sharp com

FIG. 11. Temperature dependence of inverse correlation le
and susceptibility of the broad component in the bulk of the flo
zone grown sample~I!, measured at the position of the~511!/2
superlattice reflection. Aroundtcr50.11 a crossover in the critica
behavior is clearly visible. The inset shows a transverse scan (Dqy)
and the best fit to the data atT5100.8 K.
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nent to the critical scattering, originating from a thin layer
the surface, was estimated to less than 1% close toTc and
has been neglected.

Around the crossover temperaturetcr a change of slope is
clearly visible for bothkb(t) andxb(t). This crossover tem-
peraturetcr is in excellent agreement with the value oftd
~see Table II! defined as following:td is the reduced tem-
perature at which the correlation lengthkb

21(td) is equal to
the mean distanced of the oxygen vacancies. Above th
crossover temperaturetc5td the system can be describe
within mean-field theory, which leads to the exponentsnb
50.5 andgb51.0, below the crossover temperature the e
ponentsnb51.19(4) andgb52.89(4) are determined by th
fit. The nonclassical exponents expected for this thr
dimensional Heisenberg system with cubic symmetry, cal
lated by LeGuillou and Zinn-Justin,30 are much lower:n
50.705(3) andg51.386(4). On theother hand the ratio
xb /nb52.2(2) is in good agreement with the theoretic
value ofx/n51.97.30

In Fig. 12 the inverse correlation length for the four oth
samples is plotted against the reduced temperature. Effec
exponentsnb andgb have been derived by fits of power law
to each data set without taking into account the crosso
scenario, because the expected crossover temperaturetd is
either too small ('0.02) or too large~0.20! to allow an
observation of the crossover within the probed tempera
range. As shown in Table III the effective exponents va
betweenn'0.75, g'1.5 ~as grown and oxidized Verneuil
grown samples! and n'1.2, g'2.4 ~reduced Verneuil-
grown sample!. It should be emphasized that the scaling
lation g5(22h)n, with h'0.03,31 still holds.

VI. CRITICAL SCATTERING
NEAR THE SURFACE—THE SHARP COMPONENT

In the surface near regions of the crystallographica
highly perfect samples I and II a pronounced sharp com
nent has been observed in the critical scattering measure

th
-

FIG. 12. Inverse bulk correlation length for samples II to V. T
effective exponentsnb and gb have been derived from power-law
fits to the inverse correlation length and the susceptibility not sho
in the figure.
3-8
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INFLUENCE OF DEFECTS ON THE CRITICAL . . . PHYSICAL REVIEW B 66, 014113 ~2002!
temperatures aboveTc at the position of the~511!/2 super-
structure reflection in addition to the broad component d
cussed above. As described in the Appendix the scatte
profile could be fitted with the sum of a single Lorentzi
and a Lorentzian-squared profile, i.e., two additional para
eters, the inverse correlation lengthks and the susceptibility
xs have to be taken into account. The peak position of
two contributions turned out to be identical. A typical e
ample of a measured scattering profile is shown in Fig.
The Lorentzian-squared part is much narrower than
Lorentzian shaped contribution, which is the reason for c
ing it the sharp component.

The depth dependence of the critical scattering profile
measured at a temperature about one degree aboveTc in the
surface near region of the residual block of sample I
shown in Fig. 14. In the top 20m m, region D, the additiona
sharp component is clearly visible. In the inset, the same
are plotted on a logarithmic scale over a wider angular ran

TABLE III. Critical exponentsnb andgb for the broad compo-
nent.

Broad component
Sample no. nb gb gb /nb

Original block
I, region A 1.02~4! 2.32~7! 2.27 ~11!

Residual plate
I, region B 1.19 2.23~10! 1.87~11!

I, region C 1.19 2.83~10! 2.38~13!

Residual block
I, region D 1.19 2.53~3! 2.13~9!

I, region E 1.19~4! 2.89~4! 2.43~9!

II 0.9~1! 1.7~1! 1.9~2!

III 0.73~7! 1.49~15! 2.04~28!

IV 0.79~2! 1.58~7! 2.00~10!

V 1.18~3! 2.45~7! 2.08~8!

FIG. 13. Transverse scan through superlattice reflection~511!/2
at sample I measured 0.5 K aboveTc in a distance of 20mm from
the surface of the residual block~region D!. In addition to the broad
Lorentzian distribution a sharp Lorentzian-squared profile is vis
at the position of the superlattice reflection.
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This is to stress the observation that the broad compone
independent of the location of the probed volume elemen
the sample. The scattering differs only in the central regi
where the sharp component dominates. The temperature
pendence of the inverse correlation length for the broad c
ponent measured in the surface near region was identic
all investigated positions in sample I after the cut, i.e.,
occurrence of the sharp component as well as the incre
mosaicity and lattice parameter variations do not affect
behavior of the broad component. The valuesnb andgb for
the critical exponents of the broad component in the differ
samples and for the various positions in the samples are s
marized in Table III. In Table III also the validity of the
scaling relation

g5~22h!n'2n ~3!

is checked. For all measurements the ratioxb /xb for the
broad component is close to 2 and fulfills scaling relation~3!
very well becauseh is very small.

Figure 15 shows a direct comparison of the critical sc
tering measured at surface regions B, C, and D in the flo
zone grown sample I. Apparently, the width of the sha
component in region B is much broader than the respec
width in region D. Furthermore, almost no signal of th
sharp component is visible in region C. The profiles for
gions C and D are identical except for the narrow region
the center of the scan, where the sharp component occur
this point it is interesting to note that in the case of t
float-zone crystal the sharp component measured with
keV synchrotron radiation at a superlattice reflection w
scattering vector parallel to the crystal surface is about
order of magnitude narrower than the sharp component m
sured by Hirotaet al.13 with 11.5 keV x rays at a reflection
with scattering vector perpendicular to the surface.

e

FIG. 14. Transverse scan profile of the~511!/2 superlattice re-
flection about 1 K above the critical temperature for different di
tances to the surface of the residual float-zone grown block~sample
I, region D!. For the top 20mm the intensity is strongly enhanced i
a narrow region around the superlattice position. The inset sh
the measured data over a much larger angular range in a logarit
scale. It can be seen that all profiles are almost identical if the sh
component is not considered.
3-9
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In Fig. 16 the plots from which the critical exponentsgs
@Fig. 16~a!# and ns @Fig. 16~b!# have been determined ar
shown for the four surface near regions in sample I and
where the sharp component was observed. Again, the
surface of the cut-off plate, region B, strongly differs fro
all other data sets. Here we expect a gradient in a rather
density of defects caused by surface damage in the other
strain relaxed bent crystal plate. The resulting values for
critical exponents of the sharp component are listed in Ta
IV. Interestingly, the ratiogs /ns is noticeable larger than 2
more likely close to 4.

The validity of scaling relations for the sharp compone
could be preserved, if the intensity of the sharp componen

FIG. 15. Comparison of the scattering profiles of the~511!/2
superlattice reflections of sample I 1 K aboveTc measured close to
the three different surfaces. The old surface of the plate~region B!
differs strongly from the other ones, whereas the new surface o
plate~region C! and the residual block~region D! differ only in the
narrow region in the center of the plot. The broad component of
critical scattering is identical for the latter two surfaces, but at
residual block the sharp component can be observed in additio

FIG. 16. Temperature dependence~a! of the inverse correlation
lengthks and~b! of the susceptibilityxs of the sharp component fo
the different surfaces. The critical exponentsns andgs are similar
for most of the investigated surfaces, but they strongly deviat
the old surface of the plate~region B!.
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not proportional to the susceptibility but to the square of
susceptibility. The two functions

I s5
xs

F11S q

ks
D 2G2 5x̂s~q,T! ~4!

and

I s5S xs8

11S q

ks
D 2D 2

5x̂
Ls

82
~q,T! ~5!

only differ by the definition of the respective susceptibilit
All critical exponents discussed so far have been deri
using Eq.~4!. However, assuming a Lorentzian distributio
and using the latter definition, the susceptibilityxs is re-
placed byxs85Axs. As a result, the value of the critica
exponent is reduced by a factor of two,gs85gs/2 and the
ratio gs8/ns is close to two, fulfilling the scaling relation~3!.
At present, we do not have a physical justification for th
formal appproach to describe the sharp component.

The different theoretical approaches to explain the t
length scale problem were summarized by Cowley.1 In
agreement with the present results there is a consensus
the phenomena is a surface related effect and that st
which could be highly anisotropic in a near surface lay
plays an important role. Altarelliet al.32 and Harriset al.33

consider explicitly certain forms of disorder and strain in t
skin layer. Altarelliet al.32 assume that high densities of d
fects with long range interactions in the near surface reg
modify the critical behavior and depending on whether po
line, or planar defects dominate they suggest values of 2
or 1/3 for the critical exponentns . The value ofns51 cor-
responding to dislocations is in good agreement with
experimental data, however, the suggested value ofxs /ns
52 for the ratio of the critical exponent is in clear disagre
ment with the experimental value ofxs /ns54.4 if the
Lorentzian-squared distribution of Eq.~5! is used to describe
the sharp component of the critical scattering. Harriset al.33

emphasize the random field effects of near-surface def
and dislocations. The Lorentzian-squared component is
pected to be due to symmetry breaking or random field p
ducing defects. The critical exponentsn for the correlation
lengths for both length scales should be about the samenb
'ns , which is in fair argument with the experimental da

e

e
e
.

at

TABLE IV. Critical exponentsns and gs as well as the ratio
gs /ns for the sharp component. The ratiogs /ns is more likely close
to 4 than to the expected value of 2.

Sharp component
Sample no. ns gs gs /ns

I, region A 1.17~4! 5.33~9! 4.6~2!

I, region B 0.58~5! 1.9~2! 3.3~4!

I, region D 1.30~5! 4.29~10! 3.30~14!

II, surface 1.1~1! 4.8~1! 4.4~4!
3-10
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INFLUENCE OF DEFECTS ON THE CRITICAL . . . PHYSICAL REVIEW B 66, 014113 ~2002!
obtained at the samples I and II, except region B of samp
Assuming a random field34 the ratiogs /ns is then twice the
value ofgb /nb , which is also in agreement with the expe
mental value.

VII. DISCUSSION

In order to study the effect of defects on the critical b
havior at the cubic-tetragonal structural phase transition
SrTiO3, the critical scattering at superlattice reflectio
~511!/2 and~531!/2, respectively, has been measured in fi
different samples of different degree of crystallographic p
fection and different concentration of oxygen vacancies. S
cial attendance has been payed to the difference in the c
cal behavior in the bulk and in the surface near region of
samples.

The long-range crystallographic perfection has been
cussed on the basis of the results from high-resolu
Bragg-scattering experiments using highly penetrating
keV synchrotron radiation. It turns out that the float zone
well as the flux grown samples are almost perfect cryst
whereas the three Verneuil crystals show a much broa
diffraction pattern and are expected to have a rather h
dislocation density. In a surface near region of about 100mm
thickness of the two highly perfect crystals a gradient in
strain, i.e., in the lattice parameter fluctuations, the mosai
and the integrated Bragg peak reflectivity is observed, wh
is related to the occurrence of the sharp component of
critical scattering. In order to prepare a defect free surfac
the large float-zone grown crystal a 0.57 mm thick plate
was cut off from the sample, both the new surface of
platelet and that of the remaining crystal block have be
carefully polished and etched. In the surface near region
the remaining crystal block again a gradient in the latt
parameter fluctuations, the mosaicity and the integra
Bragg peak intensity has been observed. The cut-off plat
turned out to be spherically bent and no gradient in the
gree of crystal perfection was observed at the cut surfac

For the bulk of the samples the concentration of oxyg

FIG. 17. Resolution function perpendicular to the scatter
plane. The horizontal part of the trapezoid has a width of 2q2

5uWz12Wz2u, the width of the sloped parts just corresponds to
width of the smaller slit. In the caseWz1!Wz2 the trapezoid degen
erates to a rectangle.
01411
I.

-
in

r-
e-
iti-
e

s-
n
0
s
s,
er
h

e
ty
h
e

at
t
e
n
of
e
d

let
-

n

vacancies has been determined from conventional imped
measurements, in the case of very high concentration f
Hall resistivity measurements. At the polished surface of
remaining float-zone grown crystal block as well as at
flux grown crystal a depth dependent determination of
oxygen vacancy concentration has been performed usin
special type of impedance spectroscopy and no gradient
found. Therefore a homogeneous distribution of oxygen
cancies has been assumed for the discussion of the cr
behavior.

Below Tc the temperature dependence of the superlat
reflections could be fitted with a power law with exponentsb
very close to the accepted literature value of 0.34. For r
sons of comparison between the different samples and
tween their behavior in the bulk and in the surface near
gion the critical temperature has then been determined f
fitting the temperature dependence of the superlattice re
tion with a fixed value ofb50.34. In agreement with earlie
findings the critical temperature measured in the bulk of
samples decreases with increasing oxygen vacancy con
tration. Furthermore, in the float-zone grown crystalTc de-
creases by about 2 K over a thickness of 2.5 mm when ap
proaching the surface from the bulk, this effect is assume
be due to a long-range strain gradient. In a 100mm thick
surface layer the gradient changes sign andTc increases by
almost 1 K, this effect is assumed to be due to a more lo
ized gradient in the dislocation density due to surface da
age. A similar effect is observed in the surface near region
this crystal after cutting a 1 mmthick layer and carefully
polishing the surface. In the cut-off platelet a strong variat
of Tc is also observed, however, the gradient in the surf
near region is of opposite sign.

In the less perfect Verneuil-grown crystals with signi
cantly different oxygen vacancy concentrations the criti
behavior has been studied by measuring the temperature
pendence of the~531!/2 superlattice reflection. No shar
component was observed, neither in the bulk nor at the
face. For the as grown and the oxidized crystal the criti

g

e
FIG. 18. Suppression of the broad component due to impro

ment of the resolution vertical to the scattering plane shown
transverse~a! and longitudinal~b! scans. Filled circles refer to scan
with Dqz 1.531023 Å21, open diamonds represent scans w
Dqz53031023 Å21.
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exponentsnb andxb of the broad component agree very we
with the theoretical values obtained by LeGuillou a
Zinn-Justin.30 For the reduced crystal with a rather high ox
gen vacancy concentration the values of these critical ex
nents are much higher, however, the ratioxb /nb is again
very close to 2, as required by the scaling laws.

In the perfect flux and float-zone grown crystals a sh
component has been observed in the critical scattering in
surface near regions that showed a gradient in strain, m
icity, and integrated Bragg peak intensity. The critical exp
nents of the broad component were very little affected by
occurrence of the sharp component. For the flux grown c
tal the ratioxb/nb was equal to 2, for the float-zone grow
crystal the values determined in the bulk and at the differ
surfaces scatter around an average value ofxb /nb52.2.

The critical scattering above the cubic-to-tetragonal ph
transition of SrTiO3 was investigated in five differen
samples. The main focus was on the dependence of the
cal phenomena on the distance of the probed volume elem
in the sample from its surface. In order to interpret the res
concerning the critical scattering, the crystallographic perf
tion was analyzed with high momentum and high real-sp
resolution, especially in the regions close to the surfac
Emphasis was on the differences between several surfac
the highly perfect float-zone grown crystal~sample I!.

As a result it is observed that one necessary condition
the existence of two length scales in the critical scatterin
the vicinity ~some 10mm) of the sample surface. Anothe
necessary condition is the existence of strain fields in
region, experimentally demonstrated by the increase of
tice parameter variations and mosaicity close to the surf
However, in samples of lower quality, i.e., with strongly e
hanced mosaic spreads the sharp component is suppr
significantly compared to that found in the highly perfe
crystals. Possibly the long-range order of the correspond
critical fluctuations is destroyed by the high amount of top
logical defects in samples of high mosaicity. It should
mentioned that, qualitatively, it has been shown in ear
work that a distorted surface can reduce the intensity of
sharp component.7,10

Starting with the bulk of sample I, region E, no sha
component could be observed, because it is not a sur
near region. In region D, both conditions are fulfilled. Bo
mosaicity and the variation of the lattice parameter, as w
as the critical temperature, increase exponentially appro
ing the surface due to the exisitence of long-range st
fields at this surface. Simultaneously, also the intensity of
sharp component increases, while the broad componen
mains unaffected. Region C consists of a locally almost p
fect crystal, where the long-range strain fields were able
relax by bending of the lattice planes. Thus, no sharp co
ponent is observed and the critical temperature is close to
bulk value. Although the long-range strain could relax also
region B due to the bending of the plate, a strong sh
component is still observed. This could be due to a grad
in the density of dislocations and other unspecified defe
expected in this region due to surface damage caused b
frequent use of this sample for many different experime
over more than 30 years. This way the conditions for
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sharp component to occur are fulfilled, however, the str
gradient in the surface near region B is of different orig
The development of the long-range correlations leading
the sharp component in the other, almost defect free reg
of the crystals, could be partly suppressed by the defect
region B. This would explain the differences observed in
measurements at the ‘‘old’’ surface before and after cutt
off the plate, i.e., in regions A and B. It would also expla
the differences between region B and all the other regi
investigated with respect to the amount of critical scatter
aboveTc , the shape of the sharp component, and the crit
exponents. The behavior of sample II at the surface is v
similar to the behavior of sample I in region D. In the surfa
near region mosaicity, lattice parameter variation, and
intensity of the sharp component increased with respec
the bulk values. Compared to these two, almost per
samples the intensity of the sharp component in the Verne
grown samples III–V is suppressed by about three order
magnitude, i.e., no evaluation of critical exponents for t
component was possible. Following the above reasoning
should be due to the large mosaicity corresponding to a v
high density of defects, which suppresses the long-range
relation even more than in the old surface of the plate
sample I~region B!.

In conclusion, long-range strain fields in the vicinity o
the surface seem to be responsible for the second length
in the critical scattering of SrTiO3. These long-range strain
fields can spread out much better in almost perfect cryst
dislocations and other topological defects weaken th
strain fields, they affect the critical exponents and eventu
lead to complete suppression of the second length sc
Similar to the usual critical fluctuations, the temperature
pendence of the long-range correlations can be descr
with a set of critical exponents. However, the distribution
defects in the surface near region is crucial for the format
of the sharp component and for the values of the criti
exponents describing this phenomenon. Comparison w
theory30–34 has been made. In addition, Cowley1 suggested
that at the crystal surface the coupling of strain fields to
order parameter might lead to free surface waves wit
higher effective transition temperature than the bulk fluct
tions. The sharp component is then attributed to the f
surface fluctuations. Unfortunately, no quantitative calcu
tions on the basis of this approach have been performed
Further theoretical work is needed for a full quantitative u
derstanding of the nature of the second length scale in
critical scattering.
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APPENDIX: DECONVOLUTION OF THE RESOLUTION
FUNCTION

In order to extract the correlation length and the susc
tibility from the experimental data, first the experimen
resolution function had to be determined. The deconvolut
procedure is based on the paper by Hirotaet al.13 In the
scattering plane, the resolution function was determined
perimentally at the position of the superstructure reflectio
few degrees below the transition temperature~see Fig. 1!.
From these scans the widths in the longitudinal (FWHMx)
and in transvere (FWHMy) directions, and the shape of th
respective scattering profiles were extracted. In most ca
the shape of the superstructure peak could be well descr
by means of a Lorentzian-squared profile. The functio
form of the resolution element was approximated by

R~qx ,qy!5F11S qx

sx
D 2

1S qy

sy
D 2G22

,

sx,y5
FWHMx,y

2AA221
. ~A1!

For the investigated samples this approximation is in v
good agreement with the correct resolution function, the t
oretical calculation is explained in detail in Refs. 35,36. P
pendicular to the scattering plane, the resolution is de
mined by the opening of the vertical slits, substantially
the widths of the slits in front of the sample (Sz1) and in
front of the detector (Sz2). These widths have to be tran
formed toq space using the distanceL between sample an
detector and the value of the wave vectork:

Wzi5uku
Szi

L
. ~A2!

The resolution elementR(qz) is now given by the convolu-
tion of two rectangular profiles, which is a trapezoidal fun
tion, as shown in Fig. 17,

R~qz!5H 0 ;uqzu>q1

uqzu2q1

q22q1
;q2,uqzu,q1

1 ;uqzu<q2

J , ~A3!

q15
1

2
~Wz11Wz2!,

q25
1

2
uWz12Wz2u. ~A4!

For an incident intensityI 0 the scattered intensityI (q) re-
sults to

I ~q!

I 0
5E E E dqx8dqy8dqz8R~qx8 ,qy8!R~qz8!I crit~q2q8!,

~A5!
01411
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where I crit is the intrinsic profile of the critical scattering
typically a Lorentzian distribution. As described above,
some cases the critical scattering cannot only be describe
a single Lorentzian profile. We used an additional isotro
Lorentzian-squared function to fit the experimental data,

I crit5I Lor1I Lq , ~A6!

I Lor5
xLor

11 (
i 5x,y,z

S qi2qi ,0

kLor,i
D 2 , ~A7!

I Lq5
xLq

F11S q2q0

sLq
D 2G2 . ~A8!

According to Ref. 4, the Lorentzian contribution shows
anisotropy, the inverse correlation lengthsk100 in ~100! di-
rections are by a factor of 1.8 smaller thank011 in ~011!
directions. In the present experiments the scattering ge
etry was such thatqxi ~511!, qyi (1̄50), andqzi (5̄1̄26), i.e.,
all three directions are slightly tilted with respect to the ma
axes. For simplicity we assumedkx'ky'kz'k100[kLor ,
probably slightly underestimating the correct inverse cor
lation length.

The integration inqz in Eq. ~A5! was performed analyti-
cally. Using the symmetry of the resolution function, the i
tegral reduces to

E dqz8R~qz8!I crit~q2q8!

52E
0

q2
dqz8I crit~q2q8!12E

q2

q1
dqz8

qz82q1

q22q1
I crit~q2q8!.

~A9!

The integral consists of four parts, two addends for both
Lorentzian I Lor

conv and the Lorentzian-squared contributio
I Lq

conv . Now we define

bL
25kLor

2 1~qx2qx8!21~qy2qy8!2, ~A10!

bLq
2 5sLq

2 1~qx2qx8!21~qy2qy8!2, ~A11!

and setqz50, because we are only looking at the intensity
the scattering plane. The result for the Lorentzian part can
written as

I Lor
conv5

xLorkLor
2

bL
F2 arctanS q2

bL
D1

j 12 j 2

q22q1
G , ~A12!

where

j 15bL ln~bL
21q1

2!22q1 arctan~q1 /bL!, ~A13!

j 25bL ln~bL
21q2

2!22q1 arctan~q2 /bL!. ~A14!

Equation~A12! can be simplified to
3-13
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I Lor
conv5

xLorkLor
2

q22q1
F lnS bL

21q1
2

bL
21q2

2D 22
q1

bL
arctanS q1

bL
D

12
q2

bL
arctanS q2

bL
D G . ~A15!

Similarly, the integration of the Lorentzian-squared p
yields

I Lq
conv5

xLqsLq
4

bLq
3 ~bLq

2 1q2
2!

H q2bLq1~q2
21bLq

2 !arctanS q2

bLq
D

1bLqq2
22q1bLq1q1~bLq

2 1q2
2!FarctanS q1

bLq
D

2arctanS q2

bLq
D G J

⇔I Lq
conv

5
xLqsLq

4

bLq
3 ~q22q1!

Fq2 arctanS q2

bLq
D2q1 arctanS q1

bLq
D G .

~A16!
-

v.

o

lin

s

ro

J
n

u
.
t.

s.

01411
t

The remaining calculations,

I ~qx ,qy!

I 0
5E E dqx8dqy8R~qx8 ,qy8!~ I Lor

conv1I Lq
conv!,

~A17!

have been evaluated numerically, using the approxima
~A1! for the resolution element in the scattering plane, a
were compared to experimental dataI (qx50,qy) for trans-
verse scans orI (qx ,qy50) for longitudinal scans in every
step of the fitting procedure.

In order to check the validity of the theoretical calcul
tions, two different values for the vertical resolution ha
been chosen, without changing any parameter of the sam
and its surrounding. By narrowing the detector slit the ve
cal resolution has been improved by a factor of 20. As sho
in Fig. 18, the improvement of the resolution suppresses
intensity of the broad component much more than the int
sity of the sharp component in the center of the scan. Ho
ever, applying the fitting procedure described above the fi
values for the correlation lengths and the susceptibilit
were independent of the resolution width.
si-

-
k-

v.

M.

nd

.

pl.
1R. Cowley, Phys. Scr., T66, 24 ~1996!.
2S. Andrews, J. Phys. C19, 3721~1986!.
3D. F. McMorrow, N. Hamaya, S. Shimomura, Y. Fujii, S. Kish

imoto, and H. Iwasaki, Solid State Commun.76, 443 ~1990!.
4G. Shirane, R. Cowley, M. Matsuda, and S. Shapiro, Phys. Re

48, 15 595~1993!.
5K. Müller and W. Berlinger, Phys. Rev. Lett.26, 12 ~1971!.
6T. Riste, E. Samuelsen, K. Otnes, and J. Feder, Solid State C

mun.9, 1455~1971!.
7T. R. Thurston, G. Helgesen, J. P. Hill, Doon Gibbs, B. D. Gau

and P. J. Simpson, Phys. Rev. B49, 15 730~1994!.
8H.-B. Neumann, U. Ru¨tt, J. R. Schneider, and G. Shirane, Phy

Rev. B52, 3981~1995!.
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